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(57) An article protected by a tliermal barrier coating 
system (34) includes a substrate (30) having a substrate 
surface (32), and a thermal barrier coating system (34) 
overlying the substrate (30), The thermal barrier coating 
system (34) has a thermal barrier coating (46) formed 
of a thermal barrier coating material arranged as a plu- 
rality of columnar grains (48) extending generally per- 
pendicular to the substrate surface (32) and having 



grain surfaces (49). A sintering inhibitor is within the co- 
lumnar grains (48), either uniformly distributed or con- 
centrated at the grain surfaces (49). The sintering inhib- 
itor is lanthanum oxide, lanthanum chromate, chromium 
oxide, and/or yttrium chromate, mixtures thereof, mix- 
tures thereof with aluminum oxide, modifications thereof 
wherein cobalt or manganese is substituted for chromi- 
um, precursors thereof, and reaction products thereof. 
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Description 

[0001] This invention relates to the thermal barrier 
coating used to protect an article such as a nicl<el-base 
superalloy substrate and, more particularly, to the inhib- 
iting of the sintering between the grains of the thermal 
barrier coating. 

[0002] A thermal barrier coating system may be used 
to protect the components of a gas turbine engine that 
are subjected to the highest temperatures. The thermal 
barrier coating system usually includes a bond coat that 
Is deposited upon a superalloy substrate, and a ceramic 
thermal barrier coating that is deposited upon the bond 
coat. The thermal barrier coating acts as a thermal in- 
sulator against the heat of the hot combustion gas. The 
bond coat bonds the thermal barrier coating to the sub- 
strate and also Inhibits oxidation and corrosion of the 
substrate, 

[0003] The currently preferred thermal barrier coating 
is yttrla-stabilized zirconia (YSZ), which is zirconia (zir- 
conium oxide) with from about 2 to about 12 percent by 
weight yttria (yttrium oxide) added to stabilize the zirco- 
nia against phase changes that otherwise occur as the 
thermal barrier coating is heated and cooled during fab- 
rication and service. The YSZ is deposited by a physical 
vapor deposition process such as electron beam phys- 
ical vapor deposition. In this deposition process, the 
grains of the YSZ form as columns extending generally 
outwardly from and perpendicular to the surfaces of the 
substrate and the bond coat. 

[0004] When the YSZ is initially deposited, there are 
small gaps between the generally columnar grains. On 
examination at high magnification, the generally colum- 
nar grains are seen to have a somewhat feather-lil<e 
morphology characterized by these gaps oriented over 
a variety of angles relative to the substrate surface. The 
gaps serve to accommodate the transverse thermal ex- 
pansion strains of the columnar grains and also act as 
an air insulator in the insulator structure. As the YSZ is 
exposed to elevated temperatures during service, these 
gaps gradually close by a sintering mechanism. As a 
result, the ability of the YSZ to accommodate thermal 
expansion strains gradually is reduced, and the thermal 
conductivity of the YSZ gradually increases by about 20 
percent or more. 

[0005] The as-deposited thicl^ness of the YSZ must 
therefore be greater than would otherwise be desired, 
to account for the loss of insulating power associated 
with this rise in thermal conductivity during service. 
[0006] It has been recognized that the addition of sin- 
tering inhibitors to the YSZ reduces the tendency of the 
gaps between the columnar grains to close by sintering 
during service of the thermal barrier coating. A number 
of sintering inhibitors have been proposed. 
[0007] However, these sintering inhibitors have vari- 
ous shortcomings, and there is a need for more effective 
sintering Inhibitors. The present invention fulfills this 
need, and further provides related advantages. 



[0008] The present invention provides an article pro- 
tected by a thermal barrier coating system, and a meth- 
od for Its fabrication. The thermal barrier coating in- 
cludes effective sintering inhibitors that slow or prevent 
5 the closure of the gaps between the columnar grains. 
The sintering inhibitors are readily introduced into the 
thermal barrier coating by an infiltration technique or by 
co-evaporation, preferably from an ingot that contains 
the sintering Inhibitors. 
10 [0009] An article protected by a thermal barrier coat- 
ing system comprises a substrate having a substrate 
surface, and a thermal barrier coating system overlying 
the substrate. The thermal barrier coating system com- 
prises a thermal barrier coating formed of a thermal bar- 
^5 rier coating material arranged as a plurality of columnar 
grains extending generally perpendicular to the sub- 
strate surface and having grain surfaces, and a sintering 
inhibitor within the columnar grains. The sintering inhib- 
itor may be uniformly distributed within the columnar 
grains or concentrated at the grain surfaces. The sinter- 
ing inhibitor is selected from the group consisting of lan- 
thanum oxide, lanthanum chromate, chromium oxide, 
and yttrium chromate, mixtures thereof, mixtures there- 
of with aluminum oxide, modifications thereof wherein 
cobalt or manganese is substituted for chromium, pre- 
cursors thereof, and reaction products thereof. These 
are the "forms" of the sintering inhibitor. Preferably, a 
bond coat is disposed between the substrate and the 
thermal barrier coating. The bond coat may be a diffu- 
sion aluminide or an aluminum-containing overlay coat- 
ing, and is most preferably a platinum aluminide. 
[0010] The substrate is preferably a nickel-base su- 
peralloy in the form of a component of a gas turbine en- 
gine. Examples Include a turbine blade, a turbine vane, 
and combustor components such as fuel nozzles and 
shields. 

[001 1] A method for fabricating an article protected by 
a thermal barrier coating system comprises the steps of 
providing a substrate having a substrate surface, and 
applying a thermal barrier coating system overlying the 
substrate. The thermal barrier coating system compris- 
es a thermal barrier coating formed of a thermal barrier 
coating material arranged as a plurality of columnar 
grains extending generally perpendicular to the sub- 
strate surface and having grain surfaces, and a sintering 
inhibitor within the columnar grains. The sintering inhib- 
itor is selected from the group consisting of lanthanum 
oxide, lanthanum chromate, chromium oxide, and yt- 
trium chromate, mixtures thereof, mixtures thereof with 
aluminum oxide, modifications thereof wherein cobalt or 
manganese is substituted for chromium, precursors 
thereof, and reaction products thereof. These are the 
"forms" of the sintering inhibitor. 
[0012] In one embodiment, the thermal barrier coating 
is deposited, and thereafter the sintering inhibitor Is In- 
filtrated into the thermal barrier coating. In another em- 
bodiment, the thermal barrier coating material and the 
sintering inhibitor are co-deposited. In the various em- 
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bodiments, a bond coat is preferably deposited on the 
substrate surface prior to depositing the thermal barrier 
coating. 

[0013] The sintering inhibitor provides effective inhi- 
bition of the sintering that othenvise closes the gaps be- 5 
tween the columnar ceramic grains of the thermal bar- 
rier coating during service. The result Is that the ability 
of the thermal barrier coating to withstand the develop- 
ment of thermally induced stresses is retained for an ex- 
tended service lifetime. 

[001 4] The thermal conductivity of the thermal barrier 
coating is also maintained at a low level for an extended 
period. Some of the species may additionally improve 
the optical and thermal properties of the thermal barrier 
coating. Chromium oxide, for example, alters the emis- *5 
sivity of the thermal barrier coating in the 0.7-1 microm- 
eter wavelength range. 

[0015] Other features and advantages of the present 
invention will be apparent from the following more de- 
tailed description of the preferred embodiment, taken.in 20 
conjunction with the accompanying drawings, which il- 
lustrate, by way of example, the principles of the inven- 
tion. The scope of the invention is not, however, limited 
to this preferred embodiment. 

Figure 1 is a perspective view of a gas turbine blade 
article having an airfoil structure; 

Figure 2 is a schematic sectional view through the 
airfoil stmcture of Figure 1 , taken on lines 2-2; 

Figure 3 is an enlarged detail of Figure 2. taken in 
area 3; 

Figure 4 is a block diagram illustrating a first pre- 
ferred approach for preparing the article of Figure 1 ; 

Figure 5 is a block diagram illustrating a second pre- 
ferred approach for preparing the article of Figure 
1; and 

Figure 6 is a schematic graph of the concentration 
of the sintering inhibitor as a function of position in 
the columnar grains of the thermal barrier coating 
in one embodiment. 

[0016] Figure 1 depicts a component article of a gas 
turbine engine such as a turbine blade or turbine vane, 
and in this illustration a turbine blade 20. The turbine 
blade 20 is formed of any operable material, but is pref- 
erably a nickel-base superailoy. The turbine blade 20 
includes an airfoil section 22 against which the flow of 
hot exhaust gas is directed. (The turbine vane or nozzle 
has a similar appearance in respect to the pertinent air- 
foil section, but typically includes other end structure to 
support the airfoil.) The turbine blade 20 is mounted to 
a turbine disk (not shown) by a dovetail 24 which ex- 
tends downwardly from the airfoil 22 and engages a slot 



on the turbine disk. A platform 26 extends longitudinally 
outwardly from the area where the airfoil 22 is joined to 
the dovetail 24. A number of internal passages extend 
through the interior of the airfoil 22, ending in openings 
28 in the surface of the airfoil 22. During service, a flow 
of cooling air is directed through the internal passages 
to reduce the temperature of the airfoil 22. 
[0017] Figure 2 is a schematic sectional view, not 
drawn to scale, through a portion of the turbine blade 
20, here the airfoil section 22, and Figure 3 is a detail of 
Figure 2 showing the feather-like structure of the colum- 
nar grains. The turbine blade 20 has a body that serves 
as a substrate 30 with a surface 32. Overlying and con- 
tacting the surface 32 of the substrate 30, and also ex- 
tending downwardly into the substrate 30, is a thermal 
barrier coating system 34 including a protective coating, 
which in this case is termed a bond coat 36. The bond 
coat 36 is thin and generally planar while conforming to 
and being bonded to the surface 32 of the substrate 30. 
The bond coat 36 includes a deposited layer 38 and a 
diffusion zone 40 that is the result of interdiffusion of ma- 
terial from the deposited layer 38 with material from the 
substrate 30. The process that deposits the deposited 
layer 38 onto the surface 32 of the substrate 30 is per- 
formed at elevated temperature, so that during deposi- 
tion the materia! of the deposited layer 38 interdiffuses 
Into and with the material of the substrate 30, forming 
the diffusion zone 40. The diffusion zone 40. indicated 
by a dashed line in Figure 2, is a part of the bond coat 
36 but extends downward into the substrate 30. Al- 
though Figure 2 is not drawn to scale, the relative thick- 
nesses of the diffusion zone 40 and the deposited layer 
38 depend upon the type of bond coat that is being em- 
ployed. For diffusion aluminide bond coats, such as the 
preferred platinum aluminide, the diffusion zone 40 Is 
relatively thicker. For overlay bond coats, such as 
MCrAlX bond coats, the diffusion zone 40 is relatively 
thinner. 

[0018] The bond coat 36 has an outwardly facing 
bond coat surface 42 remote from the surface 32 of the 
substrate 30. An alumina (aluminum oxide, or AI2O3) 
scale 44 forms at this bond coat surface 42 by oxidation 
of the aluminum in the bond coat 36 at the bond coat 
sur-face 42. Other oxides such as chromium oxide may 
also be present, according to elements present in the 
bond coat 36. A ceramic thermal barrier coating 46 over- 
lies and contacts the bond coat surface 42 and the alu- 
mina scale 44 thereon. 

[0019] Figure 4 is a block flow diagram of one pre- 
ferred approach for fabricating an article. An article and 
thence the substrate 30 are provided, numeral 60. The 
article is preferably a component of a gas turbine engine 
such as a gas turbine blade 20 or vane (or "nozzle", as 
the vane is sometimes called), see Figure 1 , but it may 
be other articles such as other components of gas tur- 
bine engines. The article may be a single crystal article, 
a preferentially oriented polycrystal, or a randomly ori- 
ented polycrystal. The article is preferably made of a 
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nickel-base alloy, and most preferably made of a nickel- 
base superalloy. As used herein, "nickel-base" means 
that the composition has more nickel present than any 
other single element. The nickel-base superalloys are 
typically of a composition that is strengthened by the 
precipitation of gamma-prime phase or a related phase. 
The preferred nickel-base alloy has a composition, in 
weight percent, of from about 4 to about 20 percent co- 
balt, from about 1 to about 10 percent chromium, from 
about 5 to about 7 percent aluminum, from 0 to about 2 
percent molybdenum, from about 3 to about 8 percent 
tungsten, from about 4 to about 12 percent tantalum, 
from 0 to about 2 percent titanium, from 0 to about 8 
percent rhenium, from 0 to about 6 percent ruthenium, 
from 0 to about 1 percent niobium, from 0 to about 0.1 
percent carbon, from 0 to about 0.01 percent boron, 
from 0 to about 0.1 percent yttrium, from 0 to about 1 .5 
percent hafnium, balance nickel and incidental impuri- 
ties. 

[0020] A most preferred alloy composition is Rene N5, 
which has a nominal composition in weight percent of 
about 7.5 percent cobalt, about 7 percent chromium, 
about 6.2 percent aluminum, about 6.5 percent tanta- 
lum, about 5 percent tungsten, about 1 .5 percent mo- 
lybdenum, about 3 percent rhenium, about 0.05 percent 
carbon, about 0.004 percent boron, about 0.15 percent 
hafnium, up to about 0.01 percent yttrium, balance nick- 
el and incidental impurities. Other operable superalloys 
include, for example, Rene N6, which has a nominal 
composition in weight percent of about 1 2.5 percent co- 
balt, about 4.2 percent chromium, about 1 .4 percent mo- 
lybdenum, about 5,75 percent tungsten, about 5,4 per- 
cent rhenium, about 7.2 percent tantalum, about 5,75 
percent aluminum, about 0.15 percent hafnium, about 
0.05 percent carbon, about 0.004 percent boron, about 
0.01 percent yttrium, balance nickel and incidental im- 
purities; Rene 142, which has a nominal composition, 
in weight percent, of about 12 percent cobalt, about 6.8 
percent chromium, about 1.5 percent molybdenum, 
about 4.9 percent tungsten, about 6.4 percent tantalum, 
about 6.2 percent aluminum, about 2.8 percent rhenium, 
about 1.5 percent hafnium, about 0.1 percent carbon, 
about 0.015 percent boron, balance nickel and inciden- 
tal impurities; CMSX-4, which has a nominal composi- 
tion in weight percent of about 9.60 percent cobalt, 
about 6.6 percent chromium, about 0.60 percent molyb- 
denum, about 6.4 percent tungsten, about 3.0 percent 
rhenium, about 6.5 percent tantalum, about 5.6 percent 
aluminum, about 1.0 percent titanium, about 0.10 per- 
cent hafnium, balance nickel and incidental impurities; 
CMSX-10, which has a nominal composition in weight 
percent of about 7.00 percent cobalt, about 2.65 percent 
chromium, about 0.60 percent molybdenum, about 6.40 
percent tungsten, about 5.50 percent rhenium, about 
7.5 percent tantalum, about 5.80 percent aluminum, 
about 0.80 percent titanium, about 0.06 percent hafni- 
um, about 0.4 percent niobium, balance nickel and inci- 
dental impurities; PWA1480, which has a nominal com- 



position in weight percent of about 5.00 percent cobalt, 
about 1 0.0 percent chromium, about 4.00 percent tung- 
sten, about 12.0 percent tantalum, about 5.00 percent 
aluminum, about 1 .5 percent titanium, balance nickel 

5 and Incidental impurities; PWA1484, which has a nom- 
inal composition in weight percent of about 10.00 per- 
cent cobalt, about 5.00 percent chromium, about 2.00 
percent molybdenum, about 6.00 percent tungsten, 
about 3.00 percent rhenium, about 8.70 percent tanta- 

10 lum, about 5.60 percent aluminum, about 0.10 percent 
hafnium, balance nickel and incidental impurities; and 
MX-4, which has a nominal compositton as set forth in 
US Patent 5,482,789, in weight percent, of from about 
0.4 to about 6.5 percent ruthenium, from about 4.5 to 

15 about 5.75 percent rhenium, from about 5.8 to about 
10.7 percent tantalum, from about 4.25 to about 17.0 
percent cobalt, from 0 to about 0.05 percent hafnium, 
from 0 to about 0.06 percent carbon, from 0 to about 
0.01 percent boron, from 0 to about 0.02 percent yttrium, 

20 from about 0.9 to about 2.0 percent molybdenum, from 
about 1.25 to about 6.0 percent chromium, from 0 to 
about 1 .0 percent niobium, from about 5.0 to about 6.6 
percent aluminum, from 0 to about 1 .0 percent titanium, 
from about 3.0 to about 7.5 percent tungsten, and 

25 wherein the sum of molybdenum plus chromium plus 
niobium is from about 2.15 to about 9.0 percent, and 
wherein the sum of aluminum plus titanium plus tung- 
sten is from about 8.0 to about 15.1 percent, balance 
nickel and incidental impurities. The use of the present 

30 invention is not limited to these preferred alloys, and has 
broader applicability. 

[0021] The thermal barrier coating system 34 is ap- 
plied, numeral 62. The application of the thermal barrier 
coating system 34 optionally but desirably includes the 

35 deposition of the bond coat 36, numeral 64. The bond 
coat 36 is preferably a diffusion aluminide bond coat, 
produced by depositing an aluminum-containing layer 
onto the substrate 30 and interdiffusing the aluminum- 
containing layer with the substrate 30, resulting in the 

40 deposited layer 38 and the diffusion zone 40 shown in 
Figure 2. The bond coat 36 may be a simple diffusion 
aluminide, or it may be a more-complex diffusion alumi- 
nide wherein another layer, such as a layer of a noble 
metal and preferably platinum, is first deposited upon 

45 the surface 32, and the aluminum-containing layer is de- 
posited over the first-deposited layer. In either case, the 
aluminum-containing layer may be doped with other el- 
ements that modify the bond coat. The bond coat 36 
may instead be an overlay coating such as an MCrAlX 

50 coating. The terminology "MCrAlX" is a shorthand term 
of art for a variety of families of overlay protective layers 
46 that may be employed as environmental coatings or 
bond coats in thermal barrier coating systems. In this 
and other forms, M refers to nickel, cobalt, iron, and 

55 combinations thereof. In some of these protective coat- 
ings, the chromium may be omitted. The X denotes el- 
ements such as hafnium, zirconium, yttrium, tantalum, 
rhenium, ruthenium, palladium, platinum, silicon, titani- 
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um, boron, carbon, and combinations thereof. Specific 
compositions are known in the art. Some examples of 
MCrAlX compositions Include, for example, NiAICrZr 
and NiAIZr, but this listing of examples is not to be taken 
as limiting. The bond coat 36 typically is from about 
0.0005 to about 0.010 inch thick. Such bond coats 36 

• are generally known in the art. The basic application pro- 
cedures for the various types of bond coats are known 
in the art. 

• [0022] Because the platinum-aluminide diffusion alu- 
minide is preferred as the bond coat 36, its deposition 
will be described in more detail. A platinum-containing 
layer is first deposited onto the surface 32 of the sub- 
strate 30. The platinum-containing layer is preferably 
deposited by electrodeposition. For the preferred plati- 
num deposition, the deposition is accomplished by plac- 
ing a platinum-containing solution into a deposition tank 
and depositing platinum from the solution onto the sur- 
face 32 of the substrate 30. An operable platinum-con- 
taining aqueous solution is Pt(NH3)4HP04 having a con- 
centration of about 4-20 grams per liter of platinum, and 
the voltage/current source is operated at about 1/2-10 
amperes per square foot of facing article surface. The 
platinum first coating layer, which is preferably from 
about 1 to about 6 micrometers thick and most prefera- 
bly about 5 micrometers thick, is deposited in 1-4 hours 
at a temperature of 1 90-200^ F. 

[0023] A layer comprising aluminum and any modify- 
ing elements is deposited over the platinum-containing 
layer by any operable approach, with chemical vapor 
deposition preferred. In that approach, a hydrogen hal- 
ide activator gas, such as hydrogen chloride, is contact- 
ed with aluminum metal or an aluminum alloy to form 
the corresponding aluminum halide gas. Halides of any 
modifying elements are formed by the same technique. 
The aluminum halide (or mixture of aluminum halide and 
halide of the modifying element, if any) contacts the plat- 
inum-containing layer that overlies the substrate 30, de- 
positing the aluminum thereon. The deposition occurs 
at elevated temperature such as from about 1825°F to 
about 1 975°F so that the deposited aluminum atoms in- 
terdiffuse into the substrate 30 during a 4 to 20 hour cy- 
cle. 

[0024] As seen in Figures 2 and 3, when prepared by 
a physical vapor deposition process (to be described 
subsequently) the thermal barrier coating 46 is formed 
of a plurality of generally columnar grains 48 of the ce- 
ramic material that are affixed at their roots to the bond 
coat 36 and the alumina scale 44. The columnar grains 
48 have grain surfaces 49. There are gaps 50 between 
the grains 48 and their grain surfaces 49. The gaps 50 
are oriented at various angles relative to the surface 32 
of the substrate 30. 

[0025] This gap-containing morphology of the thermal 
barrier coating 46 is beneficial to the functioning of the 
thermal barrier coating. The gaps 50 allow the substrate 
30, the bond coat 36, the alumina scale 44, and the ther- 
mal barrier coating 46 to expand in a transverse direc- 



tion 52 that is locally parallel to the plane of the surface 
32 and the bond coat 36. Absent the gaps 50, the in- 
plane thermal stresses (i.e., parallel to the transverse 
direction 52) that are induced in the thermal barrier coat- 

5 ing 46 as the turbine blade 20 is heated and cooled are 
developed across the entire extent of the thermal barrier 
coating 46. The thermal barrier coating 46, being a ce- 
ramic, has a generally low ductility so that the accumu- 
lated stresses accelerate the onset of failure. With the 

10 gaps 50 present, as illustrated, the in-plane stresses in 
the thermal barrier coating 46 are developed across only 
one or at most a group of a few of the columnar grains 
48. That is, all of the grains 48 have in-plane stresses, 
but the magnitude of the in-plane stresses are relatively 

IS low because the thermally induced strains do not accu- 
mulate over long distances. The result is that the thermal 
barrier coating 46 with the columnar grains 48 and gaps 
50 is less likely to fail by in-plane overstressing during 
service. Additionally, the gaps 50 are filled with air, which 

20 when relatively stagnant between the grains 48 is an ef- 
fective thermal insulator, aiding the thermal barrier coat- 
ing 46 in performing its primary role. 
[0026] During the exposure to elevated temperature 
of the turbine blade 20 in service, the facing grain sur- 

25 faces 49 tend to grow toward each other, bond together, . 
and sinter together. The size of the gap 50 is gradually 
reduced toward closure. The beneficial effects dis- 
cussed above are thereby gradually reduced and even- 
tually lost. 

30 [0027] Either of two approaches may be used to pro- 
vide a sintering inhibitor that limits the sintering of the 
facing grain surfaces 49 of the columnar grains 48. Fig- 
ure 4 illustrates an approach where the thermal barrier 
coating and the sintering inhibitor are co-deposited, and 

35 Figure 5 illustrates an approach where the thermal bar- 
rier coating is first deposited, and then the sintering in- 
hibitor is thereafter infiltrated into the gaps of the thermal 
barrier coating. 

[0028] In the approach of Figure 4, the thermal barrier 

40 coating 46 and the sintering inhibitor are co-deposited, 
numeral 66, preferably by a physical vapor deposition 
process such as electron beam physical vapor deposi- 
tion (EBPVD). The ceramic thermal barrier coating 46 
is the major phase, and the sintering inhibitor is a minor 

45 phase distributed throughout the ceramic thermal barri- 
er coating, with essentially uniform concentration. The 
ceramic thermal barrier coating 46 is preferably from 
about 0.003 to about 0.010 inch thick, most preferably 
about 0.005 inch thick. The ceramic thermal barrier 

50 coating 42 is preferably yttria-stabilized zirconia (YSZ), 
which is zirconium oxide containing from about 2 to 
about 12 weight percent, preferably from about 4 to 
about 8 weight percent, of yttrium oxide. Other operable 
ceramic materials may be used as well. 

55 [0029] The sintering inhibitor is co-deposited with the 
thermal barrier coating 46. The sintering inhibitor is lan- 
thanum oxide, lanthanum chromate, chromium oxide, 
and/or yttrium chromate, and mixtures thereof. The sin- 
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tering inhibitor may also be a mixture of one or more of 
these ceramic species with aluminum oxide. The mix- 
ture of the ceramic species and aluminum oxide prefer- 
ably comprises less than about 25 percent by weight of 
the total of the sintering inhibitor and the thermal barrier 
coating material. The sintering inhibitor may also be a 
modification of lanthanum chromate, chromium oxide, 
and/or yttrium chromate, wherein cobalt or manganese 
is substituted for at least some of the chromium. The 
sintering inhibitor may also be a precursor of any of 
these ceramic species, which react to produce the spe- 
cies. The sintering inhibitor may also t>e a reaction prod> 
uct of any of these ceramic species, produced by the 
reaction of the species with each other or with the base 
ceramic of the thermal barrier coating (which is prefer- 
ably yttria-stabilized zirconia). As used herein, a "form" 
of a sintering inhibitor includes the named ceramics (lan- 
thanum oxide, lanthanum chromate, chromium oxide, 
and/or yttrium chromate in this case), mixtures of these 
named ceramics, mixtures of these named ceramics 
with aluminum oxide, modifications of these named ce- 
ramics wherein cobalt or manganese is substituted for 
chromium, precursors of any of these species, and re- 
action products of any of these species. 
[0030] These species are preferably also deposited 
by EBPVD, but from a separate source than is the YSZ. 
That is, the surface upon which the deposition occurs 
has two EBPVD sources facing it, from which deposition 
occurs simultaneously. One source deposits the YSZ, 
and the other source deposits the sintering inhibitor. Un- 
der some circumstances it may be possible to deposit 
the YSZ and the sintering inhibitor from the same 
source, but it is generally difficult to perform such de- 
positing while maintaining coating uniformity at a steady 
state deposition rate. The multi-source approach is 
therefore preferred. The sintering inhibitor is preferably 
present in an amount of from about 1 to about 1 5 percent 
by weight of the total of the sintering inhibitor and the 
thermal barrier coating. 

[0031] in the approach of Figure 5, the steps 60 and 
64 are as described above, and the prior description is 
incorporated here. After the bond coat 36 is optionally 
deposited, step 64, the thermal barrier coating 46 is de- 
posited, numeral 70. The step 70 is lil<e the previously 
described step 66, whose description is incorporated 
here, except that only the thermal barrier coating 46 is 
deposited-the sintering inhibitor is not deposited at this 
point. 

[0032] After the thermal barrier coating 46 is deposit- 
ed, numeral 70, with a morphology generally like that 
illustrated in Figures 2 and 3 and discussed above, the 
sintering inhibitor is infiltrated into the gaps 50 and de- 
posited onto the grain surfaces 49, numeral 72. The ap- 
proach of Figure 5 provides for a sintering inhibitor within 
the columnar grains but having its highest concentration 
at the grain surfaces. 

[0033] In a preferred approach for performing the in- 
filtration 72, the sintering inhibitor, having a composition 



described above, is provided in a nonsolid (liquid or gas- 
eous) form that can flow into the gaps 50. In one ap- 
proach, the sintering inhibitor is provided as a liquid-sol- 
uble species, such as acetates, chlorides, or sulfates. 

5 The liquid-soluble species is dissolved in the appropri- 
ate solvent, such as water or an organic solvent. An ex- 
ample is an alkoxide in alcohol. Alternatively, a dispersor 
or a microemulsion or a sol may be used for infiltrates 
of the sintering inhibitor or its precursor. The thermal 

10 barrier coating 46 is contacted to the solution so that the 
solution penetrates into the gaps 50. The solvent is then 
removed by evaporation or other approach, leaving the 
sintering inhibitor at the surfaces 49 of the columnar 
grains 48. In another approach, the sintering inhibitor 

15 (or a precursor) is provided in a gaseous form for chem- 
ical vapor infiltration, such as combined with a gaseous 
organic constituent in a metal oxide chemical vapor dep- 
osition (MOCVD) process, and infiltrated into the gaps 
50 to deposit on the surfaces 49 of the columnar grains 

20 48. 

[0034] The two approaches of Figures 4-5 may be 
used together, so that the co-deposition of Figure 4 pro- 
duces a general background level of the sintering inhib- 
itor throughout the grains 48, and the surface-deposition 

25 approach of Figure 5 produces a higher concentration 
at the grain surfaces 49. Figure 6 is a schematic repre- 
sentation of the concentration of the sintering inhibitor 
as a function of position within the columnar grains 48 
when this approach is used. The concentration of the 

30 sintering inhibitor reaction product is greatest at and 
near the surfaces 49, where it is most beneficially ap- 
plied to inhibit sintering between the columnar grains 48, 
and decreases with increasing distance into the colum- 
nar grains 48 to the background level established by co- 

35 deposition. 

[0035] Although a particular embodiment of the inven- 
tion has been described in detail for purposes of illus- 
tration, various modifications and enhancements may 
be made without departing from the spirit and scope of 

40 the invention. Accordingly, the invention is not to be lim- 
ited except as by the appended claims. 



Clalnns 

45 

1. An article protected by a thermal barrier coating 
system (34), comprising: 

a substrate (30) having a substrate surface 
50 (32); and 

a thermal barrier coating system (34) overlying 
the substrate (30), the thermal barrier coating 
system (34) comprising 

55 

a thermal barrier coating (46) formed of a ther- 
mal barrier coating material arranged as a plu- 
rality of columnar grains (48) extending gener- 
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ally perpendicular to the substrate surface (32) 
and having grain surfaces (49), and 

a sintering inhibitor within the columnar grains 
(48), the sintering inhibitor being selected from 
the group consisting of lanthanum oxide, lan- 
thanum chromate, chromium oxide, and yttrium 
chromate, mixtures thereof, mixtures thereof 
with aluminum oxide, modifications thereof 
wherein cobalt or manganese is substituted for 
chromium, precursors thereof, and reaction 
products thereof. 

2. The article of claim 1 , wherein the substrate (30) 
comprises a nickel-base superalloy. 

3. The article of claim 1, wherein the substrate (30) 
comprises a component of a gas turbine engine. 

4. The article of claim 1 , wherein the substrate (30) 
comprises an article selected from the group con- 
sisting of a turbine blade (20), a turbine vane, a 
combustor fuel nozzle, and a combustor shield. 

5. The article of claim 1, wherein the thermal barrier 
coating system (34) further comprises 

a bond coat (36) disposed between the substrate 
(30) and the thermal barrier coating (46). 

6. The article of claim 5, wherein the bond coat (36) is 
selected from the group consisting of a diffusion alu- 
mintde and an aluminum-containing overlay coat- 
ing. 

7. The article of claim 5, wherein the bond coat (36) is 
a platinum aluminide. 

8. The article of claim 1 , wherein the thermal barrier 
coating (46) comprises yttria-stabilized zirconia. 

9. The article of claim 1 , wherein the sintering inhibitor 
is concentrated at the grain surfaces (49). 

10. The article of claim 1 , wherein the sintering inhibitor 
is of substantially constant concentration through- 
out the thermal barrier coating (46). 

11. An article protected by a thermal barrier coating 
system (34), comprising: 

a substrate (30) having a substrate surface 
(32); and 

a thermal barrier coating system (34) overlying 
the substrate (30), the thermal barrier coating 
system (34) comprising 

a thermal barrier coating (46) formed of a ther- 



mal barrier coating material arranged as a plu- 
rality of columnar grains (48) extending gener- 
ally perpendicular to the substrate surface (32) 
and having grain surfaces (49), and 

5 

a form of a sintering inhibitor within the colum- 
nar grains (48), the form of the sintering inhib- 
itor being selected from the group consisting of 
lanthanum oxide, lanthanum chromate, chro- 
to mium oxide, and yttrium chromate, mixtures 

thereof, mixtures thereof with aluminum oxide, 
modifications thereof wherein cobalt or manga- 
nese is substituted for chromium, precursors 
thereof, and reaction products thereof. 

12. The article of claim 11 , wherein the form of the sin- 
tering inhibitor comprises (a) a mixture of aluminum 
oxide with at least one of the group consisting of 
lanthanum oxide, lanthanum chromate, chromium 

20 oxide, and yttrium chromate; or (b) comprises at 
least one of the group consisting of lanthanum chro- 
mate, chromium oxide, and yttrium chromate, mod- 
ified with cobalt or manganese substituted for at 
least some of the chromium; or (c) comprises a pre- 

2S cursor of at least one of the group consisting of lan- 
thanum oxide, lanthanum chromate, chromium ox- 
ide, and yttrium chromate; or (d) comprises a reac- 
tion product of at least one of the group consisting 
of lanthanum chromate, chromium oxide, and yt- 

30 trium chromate. 

13. A method for fabricating an article protected by a 
thermal barrier coating system (34), comprising the 
steps of 

35 providing a substrate (30) having a substrate sur- 
face (32); and 

applying a thermal barrier coating system (34) over- 
lying the substrate (30), the thermal barrier coating 
system (34) comprising 

40 a thermal barrier coating (46) formed of a thermal 
barrier coating material arranged as a plurality of 
columnar grains (48) extending generally perpen- 
dicular to the substrate surface (32) and having 
grain surfaces (49), and 

45 a sintering inhibitor within the columnar grains (48), 
the sintering inhibitor being selected from the group 
consisting of lanthanum oxide, lanthanum chro- 
mate, chromium oxide, and yttrium chromate, mix- 
tures thereof, mixtures thereof with aluminum ox- 

50 ide, modifications thereof wherein cobalt or manga- 
nese is substituted for chromium, precursors there- 
of, and reaction products thereof. 

14. The method of claim 13. wherein the step of apply- 
55 ing includes the steps of 

co-depositing the thermal barrier coating (46) and 
the sintering inhibitor. 
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15. The method of claim 13, wherein the step of apply- 
ing includes the steps of 

depositing the thermal barrier coating (46), and 
thereafter 

infiltrating the sintering inhibitor into the thermal bar- 5 
rier coating (46). 

16. The method of claim 15, wherein the step of infil- 
trating comprises the steps of 

forming a solution containing the sintering inhibitor, io 
and 

contacting the solution to the thermal barrier coating 
(46). 

17. The method of claim 13, wherein the step of apply- is 
ing a thermal barrier coating system (34) includes 
the steps of 

depositing a bond coat (36) overlying the substrate 
(30), and thereafter 

depositing the thermal barrier coating (46) overlying 20 
the bond coat (36). 
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